I. INTRODUCTION Rectangular Waveguides (RWG) are widely applied in the microwave frequencies due a low power dissipation and high quality factor. In contrast, shows as disadvantage a high fabrication cost and the integration with planar circuits require sophisticated transitions. To avoid these problems, has been proposed a structure called Substrate Integrated Waveguide (SIW). The components built using SIW technology are designed and fabricated on a planar dielectric substrate low losses and having periodical metalized vias that replaces the side walls of the traditional RWG, confining the electromagnetic wave inside the dielectric substrate, allowing in this way an easy integration with planar circuits [1] . The SIW technology can be employed in applications to operate since the S band until Ka band. The frequency limitation in SIW technology occurs due the dielectric loss affects strongly the electromagnetic wave propagation. Where is the effective width, ℎ is the dielectric substrate thickness, is the diameter of metalized vias, is the periodical spacing between two consecutives metalized vias, and is the spacing between the two rows of metalized vias. Due the side walls are replaced by metalized vias, the longitudinal electrical current is not allowed, so the SIW support just the TE propagation mode [1] , [2] . The absence of TM propagation mode creates a favorable condition for design bandpass filters [1] , [3] . The electromagnetic waves propagation in SIW technology is affected by the insertion of periodical metalized vias and some studies and analyses has been done for understanding the operation of this technology [4] , [5] . Due the difference of propagation modes and guided modes, modeling of conductor, dielectric, and radiation losses in SIW technology is also a target of study [6] .
The SIW technology can be applied in many applications, such as traditional structures of power dividers/combiners [7] and dividers/combiners based on directional couplers [8] , [9] . Normally the components built in SIW technology are fed by a microstrip line with a characteristic impedance of 50 Ω and the integration between them can be made by a taper transition, such as [7] [8] [9] . The taper transition realizes the impedance matching between the impedance of the feeding line and the impedance of the SIW component. Due the difficult of analytical treatment, computational optimization processes has been widely used to determine the physical dimensions of this planar transition. There are some studies that provide an appropriate treatment for analyze the taper transition
and some examples have been demonstrated [10] , [11] .
This research work presents a new empirical approach to determine all the physical dimensions of the taper transition in an easy way without using any computational optimization process. The main aim is to obtain return loss better than 10.0 dB and low insertion loss in the recommended bandwidth for the SIW. The paper is organized according with the next description: Section II presents the main design considerations for the SIW component and the main characteristics for the feeding line.
Section III presents the well-defined design procedure based on an approximation according with electromagnetic simulations and electromagnetic theory to determine the physical dimensions of the taper transition. Section IV presents two application examples using the design procedure established in this paper in the X band and Ku band. Both application examples consider TE 10 propagation mode and are designed and fabricated on a RT/duroid 5880. Finally the Section V shows the main comments and conclusions obtained in this research work.
II. DESIGN CONSIDERATIONS
An important design factor is know how the impedance of each element of the whole structure operate as a function of frequency to realize the impedance matching between the impedance of the feeding line and the impedance of the SIW component. The dielectric substrate loss is also an important design factor and the must be as low as possible. The dielectric substrate thickness provides the height of the SIW component and the feeding line, being in this way, the only design parameter that does not allow changes after the choice of the dielectric substrate.
A. Substrate Integrated Waveguide
The RWG concepts and theory can be directly applied in studies and projects involving SIW technology. Generally the component built in SIW technology operates in TE 10 mode and higher modes are not considered due the undesirable electric field configuration. But is necessary knowing the operation frequency of TE 20 propagation mode to avoid the SIW component operates in this particular propagation mode. The cutoff frequencies for the SIW are written as a function of the effective widths [1] .
Where ≥ 1, is the relative dielectric constant, and is the speed of light. According with [1] , [2] the equations of the cutoff frequencies for the TE 10 and TE 20 propagation modes are given by 
The parameters , , and determine the effective widths for the TE 10 and TE 20 propagation modes, which these determine the cutoff frequencies. The choice for these three parameters is not random and depends on four rules for the SIW operate as a waveguide [1] . After determine the cutoff frequencies for the TE 10 and TE 20 propagation modes, it is possible determine a bandwidth for the component built in SIW technology. According with the recommended bandwidth for the RWG [12] , the recommended bandwidth for the SIW that guarantees the operation exactly in the TE 10 propagation mode and low losses is given by (4). 
The central frequency of the recommended bandwidth given by (4) can be written by (5). 
= . * (6) where is the voltage drop between the top and the bottom metallic walls of the SIW component, * is the conjugated of , and is the incident power at the cross-section of the SIW component given by the Poynting theorem. For the TE 10 propagation mode, the cross-section impedance can be written according with the SIW physical dimensions in the same way as given by the RWG [1] , [12] ,
where ℎ is the dielectric substrate thickness,
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is the effective width for the TE 10 propagation mode, 0 is the intrinsic impedance of the free space, is the relative dielectric constant of the substrate, is the cutoff frequency, and is the operation frequency. At the central frequency of the recommended bandwidth for TE 10 propagation mode (5), the cross-section impedance of the SIW component can be expressed by (8) . 
B. Feeding line
The feeding line used in this work is built in microstrip line technology and has 50 Ω of impedance characteristic and it is designed at the central frequency of the recommended bandwidth by (5).
III. DESIGN PROCEDURE FOR TAPER TRANSITION
The Fig. 2 shows a symmetric structure used in this research work containing two microstrip lines that feeds the whole structure with same physical dimensions, a substrate integrated waveguide, and two taper transitions that realizes the impedance matching with same physical dimensions. The taper transition in Fig. 2 is responsible to realize the impedance matching between the impedance of the feeding line and the impedance of the SIW component. The Fig. 3 shows a schematic of impedance matching considered in this research work. The cross-section impedance between the feeding line and the taper transition is defined as 1 = 50 Ω and the cross-section impedance between the taper transition and the SIW component is defined as 2 . For a good impedance matching 2 must be closest possible of ( − ) . The 2 impedance value is given by the microstrip line impedance [13] , where the cross-section physical dimensions are given by 2 and ℎ. For this work is valid the relation 2 /ℎ > 1.
where 2 is the effective dielectric constant for a microstrip line with physical dimensions 2 and ℎ [13] .
The physical dimension 2 also makes a contribution for the impedance matching. According with [14] , the reflection coefficient for a triangular taper is a function of 2 .
where is the propagation constant of the tapered line [14] .
In many cases, the taper transition physical dimensions are obtained by computational optimization processes due the difficult of an analytical treatment. One of the factors that increase the difficulty of analytical treatment is the difference of field configuration between SIW component and microstrip line. The substrate integrated waveguide support just TE propagation mode [1] , [2] and the microstrip line technology in many practical applications has a quasi-TEM propagation mode [13] .
According with Fig. 2 , the taper transition physical dimensions are given by 1 , 2 , and 2 , whence the physical dimension 1 is given by the feeding line. Therefore, the physical dimensions 2 and 2 are the dimensions to be determined. In this section will be demonstrated a new empirical approach for determine these two physical dimensions.
The taper transition is a microstrip line with variable width, beginning with a width 1 and finishing with a width 2 , therefore, an effective dielectric constant value cannot be applied directly in the same way as is defined for a simple microstrip line. This research work will approximate an effective dielectric constant value for the taper transition and this respective approximated value has the same effective dielectric constant value of the feeding line. This approximation considers the electromagnetic wave that is being propagated along the taper transition has the same wavelength of the electromagnetic wave that is being propagated along the feeding line. The proposed approximation is done due initially the only available physical dimension for the taper transition is 1 , given by the feeding line width.
To justify this approximation was designed, optimized, and simulated 13 structures in six different operation bands using the High Frequency Structure Simulator (HFSS). For each structure was obtained a return loss better than 10.0 dB in the recommended bandwidth by (4) . The main aim of the 3D computational electromagnetic simulations realized is to verify how much the difference between the widths 1 and 2 affects the effective dielectric constant value and the 2 impedance value.
Will be shown that a mean error lower than 6% is present when is taken a unique effective dielectric constant value for the taper transition and feeding line, and a mean error lower than 7% is present in the impedance matching between the taper transition and the SIW component considering the proposed approximation.
The reference values used for the proposed approximation are √ 1 and √ 2 , where the first one considers the width 1 and the second one considers the width 2 , and both of them have the same dielectric substrate thickness (ℎ). The reason for considerer √ is due the wavelength calculation be divided by this term and all the physical dimensions considered are a function of the wavelength.
A smaller difference between √ 1 and √ 2 provides a better approximation for a unique effective dielectric constant value ( 1 ), where √ 1 it is the error reference for the proposed approximation. To obtain the error for the proposed approximation (11) it is considered.
• 100 (11) Table I shows the 13 structures designed and optimized covering since S band until Ka band, and considers the bandwidth given by (4) and central frequency given by (5) . The structures shown in were obtained by computational optimization processes providing a return loss better than 10.0 dB and low insertion loss in the considered bandwidth. According with Table I an arithmetic mean considering the 13 relations 2 / 2 can be written. 
And an approximation can be written by (13) according with (12). 
According with (8) and (9), the impedance values for the 13 structures are shown in Table II . impedance values, demonstrating in this way, the impedance matching provided by the taper transition. Table III shows the error for the proposed approximation in this research work considering the 13 designed and optimized structures. To obtain the value for 1 was considered the physical dimensions ℎ and 1 and for 2 was considered the physical dimensions ℎ and 2 . The error considers (11). According with Table III an arithmetic mean for the error can be written conform (14) .
According with (14) a mean error lower than 6% is present in this proposed approximation considering the 13 designed and optimized structures. Due the low mean error obtained, a unique effective dielectric constant value is taken for the taper transition and feeding line ( 1 ). Therefore, the wavelength of an electromagnetic wave that is being propagated along the taper transition is approximated to the wavelength of an electromagnetic wave that is propagated along the feeding line with a mean error lower than 6%. The obtained error is related with 13 designed and optimized structures in Table I .
Considering the proposed approximation, an impedance 2 can be rewrite considering √ 1 .
To evaluate the impact of the proposed approximation in the impedance matching between the taper transition and the SIW component, a mean error can be obtained for the impedance matching. For the error related with the impedance matching, the 2 ( √ 2 ) impedance value is taken as reference.
• 100 (16) Table IV is to evaluate the difference in the impedance matching when is considered a unique effective dielectric constant value. According with Table IV , an arithmetic mean for the impedance matching error considering the 13 impedance values for 2 ( √ 1 ) and 2 ( √ 2 ) can be written by (17).
• 100) 13 =1 /13 = 6.60%
According with (17), the proposed approximation affects less than 7% the impedance matching between the taper transition and the SIW component.
Based on the proposed approximation, a wavelength of an electromagnetic wave being propagated along the taper transition can be calculated considering central frequency at the recommended band by (5) and the effective dielectric constant of the feeding line. According with Table V , an arithmetic mean relation / 2 can be written.
An approximation can be written by (20) according with (19).
Therefore, according with (18) and (20) an equation for the physical dimension 2 can be written. 
And according with (13) and (21) an equation for the physical dimension 2 can be written. The empirical design procedure developed in this paper is applied in two application examples to validate (21) and (22). Section IV presents the application examples.
IV. APPLICATION EXAMPLES OF THE DESIGN PROCEDURE DEVELOPED
This section presents two application examples using the design procedure developed in Section III to demonstrate the validity of (21) 
A. Application example considering X Band
This application example is designed on RT/duroid 5880. According with Section II, the feeding line and substrate integrated waveguide physical dimensions are shown in Table VI . According with the physical dimensions in Table VI , the SIW component operates in a bandwidth
given by (4) and central frequency is given by (5). The central frequency and the effective dielectric constant can be used in (21) and (22) to obtain the taper transition physical dimensions, as shown in Table VII . With √ 1 and all the physical dimensions obtained, the impedance values, and the reflection coefficient calculated considering central frequency of 10.33 GHz can be written in Table VIII.   Table VIII . Impedance values and reflection coefficient for the application example in X Band.
(Ω) ( √ ) (Ω) ( − ) (Ω 12.40 Figure 4 shows the structure built to operate in X Band. The measurement setup for the structure operating in X Band is shown in Fig. 5 . The simulated and measured S parameters obtained for the structure operating in X band are shown in Fig. 6 . 
B. Application example considering Ku Band
This application example is designed on RT/duroid 5880. According with Section II, the feeding line and substrate integrated waveguide physical dimensions are shown in Table IX . According with the physical dimensions in Table IX , the SIW component operates in a bandwidth
given by (4) and central frequency is given by (5).
< < 17.73 ( ) = 14.75
According with the proposed approximation in this research work, the effective dielectric constant for the feeding line and taper transition is
The central frequency and the effective dielectric constant can be used in (21) and (22) to obtain the taper transition physical dimensions, as shown in Table X . 17.72 Figure 7 shows the structure built to operate in Ku Band. The measurement setup for the structure operating in Ku Band is shown in Fig. 8 . The simulated and measured S parameters obtained for the structure operating in Ku band are shown in Fig. 9 . The proposed approximation in this paper according with simulation results shows an error lower than 6% for the wavelength of an electromagnetic wave being propagated along the taper transition and an error lower than 7% in the impedance matching between the taper transition and the substrate integrated waveguide. The low error obtained allowed the development of two equations to determine the width 2 and length 2 of the taper transition.
The designed procedure developed in this paper was applied in two different structures, which the first one operates in X Band and the second one operates in Ku Band. For the structure operating in X Band, the S parameters obtained experimentally shows return loss better than 10.0 dB over 61.67%
of the considered bandwidth. The insertion loss is better than 1.90 dB in almost the whole considered bandwidth. For the structure operating in Ku Band, the S parameters obtained experimentally shows return loss better than 10.0 dB over 72.88% of the considered bandwidth. The insertion loss is also better than 1.96 dB in almost the whole considered bandwidth. The proposed design procedure has presented good frequency response. Optimization processes can be realized to improve the final results in the considered structures. 
